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Abstract
Parameterization of the form factors of f1 meson is proposed. This parameterization is consistent
with the available experimental data on the cross sections of f1 meson production in the processes
e+e− → f1 and e+e− → e+e−f1, as well as on the widths of the decays f1 → e+e−, f1 → ρ0γ,
f1 → ρ0pi+pi−, and f1 → 2pi+2pi−. Our parameterization is also consistent with the predictions for
the asymptotic behavior of these form factors.
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I. INTRODUCTION
The experimental and theoretical investigations of two-photon production of f1 meson is
very interesting since a particle with the spin S = 1 cannot be produced in a collision of two
real photons due to their identity [1]. However, f1 meson can be produced in a collision of
two virtual photons or one virtual photon and one real photon. Therefore, the probability of
these processes can be sensitive to the f1 meson internal structure, i.e., to the dependence of
the form factors on photon virtualities. At present, there are a few experimental [2–7] and
theoretical [8–17] results on production and decays of f1 meson. Unfortunately, QCD cannot
predict now the shapes of the corresponding form factors at moderate photon virtualities.
Some predictions for the form factors exist only in the region of very large virtualities,
though even in this case the particular shape of the form factors depends on the unknown
wave functions of f1 meson [8]. Therefore, to understand the features of f1 meson production
processes, it is necessary to use the phenomenological parameterization of the form factors,
which should be consistent with all available experimental data. This is the goal of our
work.
II. GENERAL STRUCTURE OF f1 → γ∗γ∗ AMPLITUDE
Since f1 meson has positive parity, the amplitude M of the f1 meson decay into two
vector particles with negative parities, momenta k1 and k2, and polarization vectors e
µ
1 and
eµ2 has the form [8, 17]
M = i
M2
µνρσe
∗µ
1 e
∗ν
2
[
F (k21, k
2
2)k
ρ
2k
σ
1A
δ(k1 − k2)δ
− k22G(k21, k22)Aρkσ1 + k21G(k22, k21)Aρkσ2
]
, (1)
where M is the mass of f1 meson and A
ρ is its polarization pseudovector, F (k21, k
2
2) and
G(k21, k
2
2) are two dimensionless form factors, eµk
µ = 0, 0123 = −1. Since the amplitudeM
should be symmetric with respect to permutation 1 ↔ 2, then F (k21, k22) = −F (k22, k21). As
should be, M = 0 at k21 = k22 = 0.
Consider the f1 meson decay into two virtual ρ
0 mesons. In this case we represent the
2
corresponding form factors Fρρ(k
2
1, k
2
2) and Gρρ(k
2
1, k
2
2) in the form
Fρρ(k
2
1, k
2
2) =
g˜1M
3(k22 − k21)
q
, Gρρ(k
2
1, k
2
2) =
g˜2M
5
q
,
q =
1
M
√
ν2 − k21k22 , ν = k1k2 =
1
2
(M2 − k21 − k22) , (2)
where g˜1 and g˜2 are some constants. In the rest frame of f1 meson, one has q = |k1| = |k2|.
For the f1 meson decay into virtual ρ
0 meson with the momentum k1 and a virtual photon
with the momentum k2, we follow the logic of the vector dominance model and write the
corresponding form factors as
Fργ(k
2
1, k
2
2) =
(efρ)g˜1M
3(k22 − k21)
q(k22 − µ2ρ)
, Gργ(k
2
1, k
2
2) =
(efρ)g˜2M
5
q(k22 − µ2ρ)
. (3)
Here µ2ρ = m
2
ρ−imρΓρ, wheremρ and Γρ are the mass and the width of ρ0 meson, respectively,
efρ is the constant of the ρ
0 meson-photon transition. This quantity can be expressed via
the width Γρ→ee of the ρ0 meson decay into e+e− pair,
efρ =
(
3Γρ→eem3ρ
4piα
)1/2
,
where e is the electron charge, α = e2 = 1/137 is the fine structure constant, and ~ = c = 1.
At last, the form factors for the amplitude of the f1 meson decay into two virtual photons
read
F (k21, k
2
2) =
g1M
3(k22 − k21)
q(k21 − µ2ρ)(k22 − µ2ρ)
, G(k21, k
2
2) =
g2M
5
q(k21 − µ2ρ)(k22 − µ2ρ)
,
g1 = (efρ)
2g˜1 , g2 = (efρ)
2g˜2 . (4)
In this formula, the quantity q in the denominators has a kinematic origin and provides a
correct behavior of the cross sections at very large virtualities as predicted in [8].
Using Eq. (1) it is easy to derive the spiral amplitudes of the transition γ∗γ∗ → f1 in rest
frame of f1 meson. In this frame
k1 = (ω1, q) , k2 = (ω2,−q) ,
e1+ = (0, e1+) = e2− , e1− = (0, e1−) = e2+ ,
e10 =
1√
−k21
(q, ω1ez) , e20 =
1√
−k22
(−q, ω2ez) ,
e1+ =
1√
2
(−iex + ey) , e1− = 1√
2
(iex + ey) , ez = q/q ,
ω1 =
k21 + ν
M
, ω2 =
k22 + ν
M
. (5)
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Then we have for the spiral amplitudes
M++ = (ez ·A
∗)
M3
[
2q2M2F (k21, k
2
2)− k22(k21 + ν)G(k21, k22) + k21(k22 + ν)G(k22, k21)
]
,
M−− = −M++ , M+− =M−+ =M00 = 0 ,
M+0 = (e1+ ·A
∗)
√
−k22
M2
[
k21G(k
2
2, k
2
1)− νG(k21, k22)
]
,
M−0 = −(e1− ·A
∗)
√
−k22
M2
[
k21G(k
2
2, k
2
1)− νG(k21, k22)
]
,
M0+ = −(e2+ ·A
∗)
√
−k21
M2
[
k22G(k
2
1, k
2
2)− νG(k22, k21)
]
,
M0− = (e2− ·A
∗)
√
−k21
M2
[
k22G(k
2
1, k
2
2)− νG(k22, k21)
]
. (6)
Using this formula and the parameterization of the form factors (4), we can describe vari-
ous processes, extract the parameters of the model, and compare our predictions with the
experimental data available.
III. PARAMETERS OF THE MODEL
It is seen from Eq. (6) that the amplitudes M±0 and M0± are independent of the form
factor F (k21, k
2
2). Therefore, the experimental data, which are related solely to these ampli-
tudes, allow us to extract the constant g2.
L3 Collaboration has measured the width ΓTSγγ∗ of the f1 meson decay into one real photon
and one virtual photon with the longitudinal polarization [5]:
Γ˜γγ = lim
k2→0
M2
(−k22)
ΓTSγγ∗ = 3.5± 0.6 (stat.)± 0.5 (sys.) keV.
Using this result and Eq. (6) we find
|g2| =
√
3Γ˜γγ
piM
(mρ
M
)4
= (2.2± 0.2) · 10−4 . (7)
VES Collaboration has studied the process f1 → ρ0γ followed by the decay of ρ0 meson
into a pair of pions [4]. Using the angular distribution of pions it was possible to extract the
events with the longitudinal polarization of ρ0 meson and with the transverse polarization.
The following result was obtained for the elements of the ρ0 meson polarization density
matrix
ρ00
ρ11
= 3.9± 0.9 (stat.)± 1.0 (sys.) .
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We use this value in the relation
b =
∣∣∣∣(1− a2)Fργ(m2ρ, 0) + a2Gργ(m2ρ, 0)aGργ(m2ρ, 0)
∣∣∣∣2 = 2ρ11ρ00 = 0.51± 0.18 , (8)
where a = mρ/M ≈ 0.6. Then it follows from Eq. (3) that∣∣∣∣1− (1− a2)g1g2
∣∣∣∣2 = ba2 = 1.4± 0.5 . (9)
We also predict the width Γργ of the f1 → ρ0γ decay,
Γργ =
2piαMmρ|g2|2
9a6Γρ→ee
(1 + b)(1− a2) , (10)
and compare this quantity with the experimental value Γργ = (1.2 ± 0.3) MeV [18]. As a
result we obtain
|g2| = (2.9± 0.4) · 10−4 . (11)
This value is in good agreement with (7).
The ratio |g1/g2| can be extracted from Eq. (9). Since g1 and g2 are complex numbers,
the value |g1/g2| obtained from (9) depends on the relative phase φ of these numbers.∣∣∣∣g1g2
∣∣∣∣ = cosφ+
√
b/a2 − sin2 φ
1− a2 . (12)
For instance,
|g1/g2| = 3.4± 0.3 at φ = 0 , |g1/g2| = 0.3± 0.3 at φ = pi . (13)
The dependence of |g1/g2| on φ is shown in Fig 1.
IV. PROCESS e+e− → f1
Recently, the first observation of f1 meson production in e
+e− annihilation has been
reported [7]. An estimate of the cross section of this process was made in [17] for another
parameterization of the form factors. However, the predictions for the cross section of the
process e+e− → e+e−f1 following from that parameterization differ substantially from the
experimental data [5]. Therefore, it is interesting to compare the predictions for this process
following from our parameterization of the form factors (see next Section).
Let us consider the process e+e− → f1, the corresponding Feynman diagram is shown
in Fig. 2. Calculations are performed in the rest frame of f1 meson. We direct the z axis
5
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Figure 1. The dependence of |g1/g2| on φ, Eq. (12)
e−
e+
f1
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Figure 2. The Feynman diagram of the process e+e− → f1
along the electron momentum p. Since electron and positron annihilate with the opposite
helicities, the projection Λ of the spin of f1 meson onto the z axis can only be Λ = ±1.
Using Eq. (6), we derive the amplitude TΛ for the process under discussion
TΛ = (A∗ · eΛ)T ,
T = i
√
2α
M2
∫
dωd3q
(2pi)4
{
1
k21
G(k21, k
2
2) +
1
k22
G(k22, k
2
1) +
1
D
[
G(k21, k
2
2) +G(k
2
2, k
2
1)
]
+
[q × n]2
D
[(
1
k21
− 1
k22
)
F (k21, k
2
2) +
1
k21
G(k21, k
2
2) +
1
k22
G(k22, k
2
1)
]}
. (14)
The following notation is introduced in this formula:
k21 = ω
2 − q2 + ωM + 1
4
M2 , k22 = ω
2 − q2 − ωM + 1
4
M2 ,
D = ω2 − q2 − 1
4
M2 + 2q · p , n = p/p , eΛ = 1√
2
(−iex + Λey) . (15)
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Substituting our representation (4) of the form factors and performing integration, we obtain
T = α(c1g1 + c2g2) ,
c1 = 0.41− 4.76 i , c2 = −0.84 + 30.61 i . (16)
It is seen that the imaginary parts of the coefficients c1,2 significantly exceed the correspond-
ing real parts. For unpolarized electron and positron beams, the cross section σ0 at the peak
is
σ0 =
1
2MΓf
|T |2 = 3.56 |c1g1 + c2g2|2 · 10−7 b, (17)
where Γf = 22.7 MeV is the f1 meson width. Using Eqs. (11), (13), and (16) we obtain the
prediction for the cross section σ0
σ0 = (6± 2) pb atφ = 0 , σ0 = (31± 16) pb atφ = pi , (18)
and compare it with the experimental result [7]
σ0 = 54
+32
−23 pb .
Thus, we arrive at a conclusion that good agreement is achieved at φ = pi. The dependence
of σ0 on φ is shown in Fig 3.
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Figure 3. The dependence of σ0 on φ, Eq. (17)
V. PROCESS e+e− → e+e−f1
The Feynman diagram corresponding to the process e+e− → e+e−f1 is shown in Fig. 4.
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Figure 4. The Feynman diagram of the process e+e− → e+e−f1
It is convenient to describe this process in terms of the quantities σTT , σTS, σST , σSS, τTS,
and τTT , see [13]. These quantities are expressed via the spiral amplitudes Mλ1λ2 , Eq. (6),
as follows
σTT =
1
4
√
X
[T (++,++) + T (+−,+−)] , σSS = 1
2
√
X
T (00, 00) ,
σTS =
1
2
√
X
T (+0,+0) , σST =
1
2
√
X
T (0+, 0+) ,
τTS =
1
4
√
X
[T (++, 00) + T (−0, 0+)] , τTT = 1
2
√
X
T (++,−−) ,
T (λ1λ2, λ3λ4) =
MΓf
(W −M2)2 +M2Γ2f
∑
λf
M∗λ1λ2Mλ3λ4 ,
X = ν2 − k21k22 , W = k21 + k22 + 2ν , ν = k1k2 , (19)
where summation over λf means summation over polarizations of f1 meson. Then we obtain
σTT =
N
W
∣∣∣2XF (k21, k22)− k22(k21 + ν)G(k21, k22) + k21(k22 + ν)G(k22, k21)∣∣∣2 , σSS = 0 ,
σTS = 2(−k22)N
∣∣∣k21G(k22, k21)− νG(k21, k22)∣∣∣2 ,
σST = 2(−k21)N
∣∣∣k22G(k21, k22)− νG(k22, k21)∣∣∣2 ,
τTS =
√
k21k
2
2N
[
k21G(k
2
2, k
2
1)− νG(k21, k22)
][
k22G(k
2
1, k
2
2)− νG(k22, k21)
]
,
τTT = −2σTT , N = Γf
4
√
XM3[(W −M2)2 +M2Γ2f ]
.
(20)
L3 Collaboration has studied a production of f1 meson for k
2
1 = 0, k
2
2 < 0 and Q
2 =
−k22 .M2 [5]. To fit the cross section, the authors of that paper have used an effective form
factor F0(Q
2) = (1 +Q2/Λ20)
−4 with Λ0 = 1.04± 0.06± 0.05 GeV.
It follows from Eq. (20) that the function F0(Q
2) should be compared with the function
8
G0(Q
2) equal to
G0(Q
2) =
2 + x|1− (1 + x)g1/g2|2
(2 + x)(1 + x)2(1 + x/a2)2
, x = Q2/M2 , a = mρ/M ≈ 0.6 . (21)
This comparison is performed in Fig. 5 where the function F0(Q
2) is shown as a solid line,
G0(Q
2) at φ = pi as a dashed line, and G0(Q
2) at φ = 0 as a dotted line. One can see a
perfect coincidence of F0(Q
2) and G0(Q
2) at φ = pi. Thus, it follows from comparison of
our predictions with the results of various experiments that the phase φ should be close to
pi. Therefore, the ratio |g1/g2| is relatively small, |g1/g2| = 0.3± 0.3.
Q2
F
0
(Q
2
),
G
0
(Q
2
)
0.0
0.0
0.2
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0.5
0.6
0.8
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1.0 1.5 2.0
Figure 5. Comparison of the functions F0(Q
2) (solid line), G0(Q
2) at φ = pi (dashed line), and
G0(Q
2) at φ = 0 (dotted line)
VI. DECAYS f1 → ρ0pi+pi− AND f1 → 2pi+2pi−
Withing our model, we can predict the widths Γ(f1 → ρ0pi+pi−) and Γ(f1 → 2pi+2pi−) of
f1 → ρ0pi+pi− and f1 → 2pi+2pi− decays and compare these predictions with the experimental
data. It follows from the experimental results [19] that the main contribution to the
f1 → 2pi+2pi− decay width is given by the ρ0ρ0 intermediate state. Neglecting the ρ0 meson
9
width in the ρ0 meson propagator, we obtain from Eqs. (2) and (6):
Γ(f1 → ρ0pi+pi−) = α
2|g2|2M2Γρ
27a7(1− 4m2pi/m2ρ)3/2 Γ2ρ→ee
y1∫
y0
dy
y
Q
(
1− 4m
2
pi
M2y
)3/2
×
[∣∣∣∣4g1g2Q2 − 1 + a2 + y
∣∣∣∣2 + y(y − 1 + 3a2)2 + a2(3y − 1 + a2)2(y − a2)2
]
,
Q =
1
2
√
[(1− a)2 − y][(1 + a)2 − y] , y0 = 4m
2
pi
M2
, y1 = (1− a)2 , (22)
where mpi is the pi
± meson mass and a = mρ/M ≈ 0.6. The value of Γ(f1 → ρ0pi+pi−)
calculated by this formula is very sensitive to the value of the ρ0 meson mass. For mρ =
775 MeV, we obtain the result which is almost two times smaller than the experimental
value B(f1 → ρ0pi+pi−) = (11.2+0.7−0.6) % [18]. However, decreasing mρ by only 20% of the
width Γρ we obtain B(f1 → ρ0pi+pi−) = (8.7 ± 3.9) % which is in good agreement with the
experimental value [18]. Therefore, it is necessary to accurately account for the finite ρ0
meson width. The formula for the f1 → 2pi+2pi− decay is much more cumbersome, and we
do not quote it here. We only note that for this decay our predictions also agree with the
experimental data.
VII. CONCLUSION
In this paper we propose parameterization of the f1 meson form factors and compare our
predictions with the available experimental data. For φ close to pi, where φ is the relative
phase of the constants g1 and g2 in the form factors, we find good agreement between our
theoretical predictions and the experimental data.
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